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INTRODUCTION 


Doubly  rotated  cut  quartz  possesses  many  desirable  features  for  acoustic 
wave  devices.'  In  addition  to  its  excellent  temperature  behavior,  its 
nonlinear  elasticity  produces  mechanical  and  thermal  stress-compensating 
effects.  Doubly  rotated  cuts  of  quartz  have  been  extensively  used  to 
construct  bulk  wave  resonators  for  frequency-stable  sources.  In  this  paper 
we  will  report  the  acoustic  properties  of  Surface  Acoustic  Waves  (SAW)  and 
Shallow  Bulk  Acoustic  Waves  (SBAW)  on  doubly  rotated  quartz. 

A  number  of  acoustic  wave  delay  lines  have  been  fabricated  on  doubly 
rotated  cut  quartz  in  the  neighborhood  of  the  zero  temperature  coefficient 
locus  for  bulk  wave  cuts.  These  delay  lines  consisted  of  two  4-finger  per 
period  transducers,  each  having  140  finger  pairs.  The  finger  widths  were 
2.361  micrometers.  The  delay  lines  were  fabricated  both  along  the  X^'-axis 
direction  and  the  normal  to  this  direction.  Surface  acoustic  waves  pro¬ 
pagate  along  the  X)'-axis  primarily,  while  shallow  bulk  acoustic  waves 
propagate  primarily  normal  to  the  X)'-axis. 

The  frequency  response  of  SAW  is  similar  to  that  obtained  on  ST-cut  quartz, 
and  the  frequency-  temperature  behavior  is  likewise  parabolic,  with  a 
somewhat  Improved  second-  order  term.  In  general,  the  plates  examined 
had  high  turn  over  temperatures,  but  optimum  crystal  orientations  are  not 
claimed.  In  addition,  the  three  SBAW  modes  predicted  from  theory  were 
also  observed. 


SURFACE  ACOUSTIC  WAVES  (SAW) 


The  theory  of  surface  waves  in  a  piezoelectric  substrate  is  based  on  the 
solution  of  the  coupled  acoustic  and  electrostatic  equations  subjected  to 
the  surface  boundary  condition.  Inside  the  medium,  the  coupled  equations 
under  the  quasi-static  approximation  for  a  piezoelectric  medium  may  be 
written  as 


and 


where 
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the  mass  density 

the  mechanical  displacement  components 

the  rectangular  coordinates 

the  elastic  tensor  components 

the  piezoelectric  tensor  components 

the  dielectric  permittivity  tensor  components 

the  scalar  potential 

a/ax^  ;  all  subscripts  take  on  the  values  1,2,  and  3. 
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1.  A.  Ballato,  "Doubly  Rotated  Thickness  Mode  Plate  Vibrators",  in  Physical 
Acoustics:  Principles  and  Methods,  (W.P.  Mason  and  R.N.  Thurston,  eds.), 
Vol.  13,  Chap.  5,  Academic  Press,  New  York,  1977,  pp.  115-181. 


Outside  the  piezoelectric  medium,  the  potential  satisfies  Laplace's 
equation. 


To  solve  for  the  surface  wave,  one  lets 

ik’Bx-i  +  (l  +  i y ) x V  -  vt] 
u .  *  a ,  e  J  ' 

J  J 


and 


=  ct4  eikt&x3  +  0  +  1y)xi  "  vtl 


(2) 


For  surface  acoustic  waves,  the  attenuation  constant  i  is  identically  equal 
to  zero. 


Substituting  Equation  (2)  into  (1)  yields 

[A]  [a]  =  0  ,  (3) 

where  [A]  is  a  4  x  4  matrix  and  [a]  is  a  1  x  4  matrix.  For  a  nontrivial 
solution  of  the  components  of  [a] ,  the  determinant  of  the  coefficient 
yields  an  eighth-order  polynominal  in  8,  of  which  four  8  roots  are  chosen. 


The  total  solution  for  the  allowable  roots  becomes  -n 

u  J  B(n)a.(n)eJks(n)x3e1k(xrvtj  I 

J  p=i  J  r 

and  J  „(n)  (n)  tkB<n>x3e'ku;-»t) 

b  *4  e  J 

n=l 


(4) 


The  boundary  conditions  requiring  that  the  stress  vanishes  and  the  normal 
component  of  electrical  displacement  is  continuous  at  the  surface 
(x£  =  0)  may  be  written  as 


and 


:3Jk,»k.«  +  ek3j!.k"° 


-r  Vi  -  e_,  u,  i-  ,  - 0 
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(5) 


Substitution  of  the  solutions  given  in  (4)  into  (5)  yields 

[L]  [B]  =  0  (6) 

where  [L]  is  a  4  x  4  matrix  and  [B]  is  a  1  x  4  matrix.  Again,  if  the  . 
boundary  conditions  are  to  be  satisfied  by  some  combination  of  the  B'n'\ 
the  determinant  of  [L]  must  vanish  for  an  assumed  value  of  v. 

The  method  of  solving  for  the  surface  acoustic  wave  is  thus  to  assume  a 
value  of  v,  from  Equation  (3)  obtain  the  corresponding  values  of  Vs  and 
.•'s  and  then  check  to  see  that  it  satisfies  the  boundary  condition  determinant 
|L|  .  If  a  value  of  v  can  be  found  which  causes  |L|  to  vanish,  then  the 
surface  wave  exists  and  propagates  at  the  velocity  v. 


BULK  ACOUSTIC  WAVES  (BAW) 


The  theoretical  description  of  the  bulk  acoustic  wave  is  again  obtained 
by  solving  the  coupled  acoustic  and  electrostatic  equations.  In  contrast 
with  the  surface  wave  case,  the  boundary  condition  for  the  bulk  wave  case 
is  that  of  an  infinite  medium.  With  this  boundary  condition,  the  form  of 
the  solution  is  a  plane  wave  and  can  be  written  as 

u,  =  s.  eit(*l-,t) 

J  J 


where  the  unknowns  are  Bj  and  v. 

Substituting  these  assumed  solutions  back  into  Equation  (1)  yields 

[A1]  [S’]  =  0  ,  (8) 

where  [A']  is  a  4  x  4  matrix  and  [81]  a  1  x  4  matrix.  For  a  non-trivial 
solution  of  the  e's  to  exist,  the  determinant  of  |A'|  must  be  zero.  This 
yields  a  sixth  order  polynominal  in  v,  which  can  then  be  solved  for  the 
three  (in  general)  positive  and  real  velocities  v^.  With  v.  determined, 
one  then  can  determine  the  6  - 1  s  associated  with  each  of  theJ  v-j's.  Each 
v.;  is  associated  with  a  particular  bulk  acoustic  wave  mode  such  as 
longitudinal  and  transverse  modes.  Furthermore,  the  wave  which  propagates 
with  a  shallow  angle  from  input  transducer  to  output  transducer  is  called 
a  shallow-bulk  acoustic  wave. 

SAW  ON  DOUBLY  ROTATED  CUT  QUARTZ 

The  characteristics  of  SAW  on  doubly  rotated  quartz  were  theoretically 
calculated  and  experimentally  measured  on  a  number  of  non-optimal  doubly 
rotated  orientations.  They  are  summarized  in  Table  1. 

The  theoretical  calculation  consists  of  first  evaluation  of  the  piezo¬ 
electric,  elastic  and  dielectric  constants  at  the  desired  crystal 
orientation.  These  material  constants  and  their  temperature  coefficients 
have  been  well  documented. ^  The  SAW  characteristics  were  then  calculated 
using  the  theory  discussed  previously.  For  temperature  coefficient  of 
delay,  the  calculation  further  consists  of  computing  the  frequency  of  a  SAW 
oscillator  (which  is  directly  obtained  from  oscillator  phase  condition)  at 
different  temperatures.  By  polynomial  regression,  the  first  and  second 
order  temperature  coefficient  of  delay  can  be  obtained  with  good  accuracy. 


2.  R.  Bechmann,  A.D.  Ballato  and  T.J.  Lukaszek,  "Higher-Order  Temperature 
Coefficients  of  the  Elastic  Stiffnesses  and  Compliances  of  Alpha-Quartz", 
Proceedings  of  the  IRE,  Vol .  50,  No.  8,  August  1962,  pp.  1812-1822. 

3.  D.  Hauden,  M.  Michel  and  J.J.  Gagnepain,  "Higher  Order  Temperature 
Coefficients  of  Quartz  SAW  Oscillators",  Proceedings  of  the  32nd  Annual 
Symposium  on  Frequency  Control,  1978,  US  Army  Electronics  R&D  Command, 

Fort  Monmouth,  NJ  07703,  pp.  77-86. 
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Calculated  and  Measured  Characteristics 
AW  on  Doubly  Rotated  Cut  Quartz 


To  verify  the  theoretical  calculations,  temperature  dependence  measurements 
were  made  on  all  samples  shown  in  Table  1,  using  the  SAW  oscillator  config¬ 
uration.  The  experimental  setup  consists  of  a  SAW  delay  line  as  a  feedback 
loop  element  around  an  HP8447  E  amplifier.  Because  SAW  delay  lines  have 
insertion  loss  less  than  25  dB,  no  tuning  circuit  was  used  for  the  measure¬ 
ment.  This  eliminates  the  error  introduced  by  the  temperature  dependence  of 
the  matching  network. 

Measurements  were  also  made  using  a  passive  transmission  system,  as  shown  in 
Figure  1.  A  comparison  is  given  in  Table  2  of  results  obtained  by  both 
oscillator  and  passive  (voltmeter)  methods,  on  crystals  different  from  those 
in  Table  1,  but  belonging  to  the  same  groups.  Devices  are  labeled  as  follows: 
the  first  number  is  the  group  number,  second  is  the  substrate  number  within 
the  group,  and  third  is  the  symbol  "0"  (oscillator  measurement),  or  "V" 
(voltmeter  measurement).  Device  5-1-V  was  measured  at  three  levels  of  ive: 

0.1,  0.4,  and  0.8  volts;  Table  2  shows  that* this  device  appeared  to  ha'  the 

second  order  temperature  coefficient  of  frequency  modified  by  the  drive 
level;  the  causes  of  this  effect  are  at  present  unknown. 

Figure  2  shows  the  frequency- temperature  behavior  of  ST-cut  quartz;  the 
doubly  rotated  cuts  to  be  described  in  the  sequel  are  to  be  compared  with 
this  "standard"  SAW  characteristic.  Figures  3  to  14  are  frequency-temper¬ 
ature  plots  of  doubly  rotated  quartz  corresponding  to  the  entries  in 
Table  2. 

Figure  15  shows  the  comparison  of  measured  and  theoretically  calculated 
frequency  temperature  dependence  for  a  sample  from  group  3.  As  shown  in 
Figure  15,  although  the  turn-around  temperature  agrees  very  well,  the 
measured  values  have  a  smaller  second-order  coefficient  of  delay. 

The  frequency  response  of  a  SAW  delay  line  on  a  sample  from  group  3  of 
Table  1  is  shown  in  Figure  16.  The  measure  untuned  insertion  loss  is 
about  24  dB;  propagation  is  along  the  X!j  axis. 

The  theoretically  calculated  SAW  velocity  and  av/v  of  a  sample  from  group  3 
as  a  function  of  propagation  angle  ^  are  shown  in  Figures  17  and  18, 
respectively.  At  the  direction  normal  to  the  X^'-axis,  av/v  is  small.  This 
is  the  direction  used  for  SBAW  application.  The  power  flow  angle  as  a 
function  of  i \>  is  shown  in  Figure  19.  The  power  flow  angle  for  SAW  along 
the  Xj-axis  is  about  1.4  degrees  because  the  X"-axis  is  not  a  pure  mode 
axis  for  SAW  propagation  on  doubly  rotated  cut  quartz. 

SBAW  ON  DOUBLY  ROTATED  CUT  QUARTZ 

Shallow  bulk  acoustic  waves  (SBAW)  are  shear  horizontal  waves  which  propa¬ 
gate  just  below  the  surface.  SBAW  devices  have  been  configured  into  oscil¬ 
lators  and  filters  using  singly  rotated  quartz.  -SB^W  on  doubly  rotated 
cut  quartz  was  first  shown  by  Ballato  and  Lukaszek.  A  list  of  SBAW  refer¬ 
ences  detailing  work  in  this  area  is  contained  in  Ref.  7;  most  of  the  advances 
have  been  due  to  the  efforts  of  Lewis,  and  of  Yen,  Lau,  and  Kagiwada. 

4.  K.H.  Yen,  K.F.  Lau,  and  R.S.  Kagiwada,  "Recent  Advances  in  Shallow 
Bulk  Acoustic  Wave  Devices Proc •  1979  IEEE  Ultrasonics  Symposium,  in  press. 

*  Footnotes  5,6  and  7  are  located  on  rage  24. 
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Figure  11.  Frequency-Temperature  Curve.  Unit  4-1-0. 
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Figure  14.  Frequency-Temperature 


The  relationship  between  bulk  wave  and  SBAW  is  shown  in  Figure  20.  They 
are  normal  to  each  other.  Figure  21  shows  the  relationship  of  bulk  acoustic 
wave  resonator  and  SBAW  devices  along  the  AT-cut  zero  temperature  coefficient 
branch  (line  a)  and  the  BT-cut  branch  (line  b).  For  SBAW  devices  to  have 
properties  similar  to  bulk  acoustic  wave  resonator  along  the  AT-branch,  one 
has  to  use  substrates  prepared  approximately  along  line  a1.  Similar 
relationships  hold  for  line  b  and  line  b'.  (Also  shown  in  Figure  21  is  the 
zero  temperature  coefficient  loci  for  SAW  propagating  along  X^'-axis. )  This  , 
BAW  and  SBAW  relationship  on  doubly  rotated  cut  quartz  has  been  demonstrated: 

Figure  22  shows  the  frequency  response  of  the  fast  shear  horizontal  wave 
propagating  along  the  direction  normal  to  the  X"-axis.  This  bulk  wave  has 
been  identified  as  a  shallow  bulk  acoustic  wave^wiiich  propagates  just  below 
the  surface  from  input  transducer  to  output  transducer.  The  measured  un¬ 
tuned  insertion  loss  was  about  22  dB.  The  center  frequency  was  about  1.4 
times  that  of  SAW's,  which  was  at  185  MHz  and  was  about  40  dB  lower  in 
amplitude  than  SBAW.  The  passband  distortion  is  due  to  multiple  reflections 
from  the  ends  of  the  delay  line. 

The  inverse  velocity  surface  for  doubly  rotated  cut  quartz  (;  =  10°;  =  90°) 

is  shown  in  Figure  23.  The  axis  for  a  sample  from  group  3  is  also  shown  in 
this  figure  along  with  the  cutoff  wave  vector  kQ  which  corresponds  to  the 
ray  (energy)  directed  parallel  to  the  surface  of  the  substrate.  The  cal¬ 
culated  cutoff  velocity  for  a  sample  from  group  3  is  about  4923  m/sec.  The 
cutoff  velocity  determines  the  center  frequency  of  operation  of  interdigital 
transducers.  Thus,  the  calculated  center  frequency  is  260.65  MHz  which 
agrees  very  well  with  the  measured  value. 

The  calculated  (av/v)  for  three  bulk  waves  along  the  surface  are  shown  in 
Figure  24.  Although  (av/v)  is  not  the  piezoelectric  coupling  constant 
needed  in  the  equivalent  circuit  model,  it  indicates  the  relative  coupling 
strength  for  each  mode.  As  shown  in  Figure  24,  for  a  sample  from  group  3, 
interdigital  transducers  can  excite  all  three  bulk  waves.  This  has  been 
shown  by  Ballato  and  Lukaszek. Figure  25  shows  the  power  flow  angle  for 
fast  shear  waves  in  an  infinite  medium,  where  is  the  power  steering 
angle  on  surface  and  is  the  beam  steering  angle  into  the  substrate.  The 
large  values  of  ana  (j>^  are  due  to  the  fact  that  waves  propagating  in 
doubly  rotated  cut  quartz  are  not  along  the  principal  axis. 
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Figure  22.  SBAW  Frequency  Response. 
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Figure  25.  Power  Flow  Angle  vs  theta. 


CONCLUSION 

A  number  of  delay  lines  have  been  constructed  on  various  doubly  rotated 
cuts.  The  frequency-temperature  response  of  SAW  is  somewhat  improved 
compared  to  that  obtained  on  ST-cut  quartz.  Optimized  orientations  will 
lead  to  further  improvements.  In  addition,  the  three  SBAW  modes  predicted 
from  theory  were  also  observed.  Because  doubly  rotated  cut  quartz  possesses 
desirable  temperature  behavior  and  stress-compensating  effects,  it  holds 
promise  for  construction  of  SAW  and  SBAW  delay  line  oscillators  with 
improved  frequency-stable  behavior. 
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